Abstract. The purpose of this study was to investigate the effect of a hot and humid environment on thoracic aorta damage in spontaneously hypertensive rats (SHRs). Wistar-Kyoto (WKY) rats were randomly divided into three groups (n=8 in each group): Control group (WKY-CN), heat exposure for 8 h group (WKY-8) and heat exposure for 24 h group (WKY-24). The CN group was exposed to room temperature (24˚C); WKY-8 and WKY-24 group were exposed to heat (32˚C) and 65% relative humidity for 8 and 24 h, respectively. Accordingly, SHRs were randomly divided into three groups (n=8 each group): SHR-CN, SHR-8 and SHR-24. After 7 days of heat exposure, the weight, food consumption and blood pressure of rats was measured. Noradrenaline (NA)-induced contraction of aorta rings was measured using an organ bath system, and vascular morphology was observed. Expression levels of apoptotic genes and proteins in the thoracic aorta were also measured. The experimental results indicated that, in the heat exposure environment, rat food intake was reduced. Rat weight was significantly increased in all groups except SHR-24 (all P<0.01 except SHR-8, P<0.05). Heat exposure significantly increased the blood pressure of rats in the WKY-24 (P<0.01 for systolic; P<0.05 for diastolic), SHR-8 and SHR-24 (all P<0.01) groups. This effect was more notable in SHR compared with WKY. NA-induced contraction of aorta rings significantly increased in the SHR-CN group, compared with the WKY-CN group (P<0.01). Heat exposure significantly elevated the NA-induced contraction in both 8 h groups compared with the CN groups (P<0.01). This effect was accompanied by structural damage to the thoracic aorta and increased expression of apoptotic genes and proteins. In conclusion, thoracic aorta damages in SHRs were more sensitive to heat exposure. The enhanced NA-induced contraction may have partly been due to increased apoptosis in the thoracic aorta.
Introduction
Higher temperature and high humidity weather is common in the summer, and cardiovascular disease is associated with this environment (1, 2) . A hot and humid environment is a type of thermal stress on the body (3), however, the effect of a thermal environment on patients with high blood pressure remains unknown. Therefore, investigating the pathophysiological effects of a high temperature and high humidity environment on the body's cardiovascular system may be important in improving the control and prevention of this type of disease.
Previous findings have revealed that thermal stress induces apoptosis and causes vascular damage (4) (5) (6) . Caspase-3 is thought to be a key apoptosis indicator, its activation indicates an irreversible stage of apoptosis (7) . In the regulation of apoptosis, members of the B-cell lymphoma 2 (Bcl-2) family serve key functions (8) . The Bcl-2 family can be divided into two categories: One category is anti-apoptotic, and includes Bcl-2, Bcl-xL, Bcl-2-like protein 2 (Bcl-2-L-2), Bcl-2-L-3 and cell death protein 9; The other category of Bcl-2 proteins promotes cell death, and includes Bcl-2-L-4 (Bax), Bcl-2-L-7, Bcl-xS, Bcl-2-L-8, Bcl-2-interacting killer and BH3-interacting domain death agonist (9) . Increased Bax promotes cell apoptosis, whereas increased Bcl-2 inhibits cell apoptosis (10) .
Besides apoptosis, vasoreactivity is the most basic and direct indicator that reflects artery vascular function in the body (11) . Enhanced contractive function is the primary symptom of a damaged blood vessel (12, 13) . Increased vasoreactivity is a key mechanism for the development of cardiovascular disease and is a prognostic indicator of arterial health (14) . Vasoreactivity of blood vessels is increased by heat exposure (15) , however, to the best of our knowledge, this effect has not been investigated in a hypertensive state. The aim of the current study was to investigate the effect of a thermal environment on rats with hypertensive blood pressure. Apoptosis and vasoreactivity of blood vessels was measured and changes in vascular morphology were recorded. Weight and food consumption. Upon initiation of the heat exposure experiment, the body weights of the rats were measured. During the experiment, food consumption was recorded in each group daily. At the end of the experiment, body weight was measured again.
Blood pressure. Prior to the experiment, systolic and diastolic blood pressure were measured from the rat tails using a blood pressure monitor (BP-2010A; Softron Biotechnology, Beijing, China), and the data were obtained directly from the machine. At the end of the experiment, blood pressure was measured again from the rat tails.
Vasoreactivity. Following anesthesia, the rat chests were immediately opened, and the thoracic aorta was removed and placed into a paraffin platter filled with normal saline. Morphological observation. A short part (5 mm) of the thoracic aorta was fixed in 10% formalin for 12 h at 4˚C, embedded in paraffin and sliced into tissue sections (10 µm). Morphological changes of the thoracic aorta were observed by HE staining (hematoxylin staining for 2 min at 24˚C; and eosin staining for 5 min at 24˚C) using an Olympus DP71 microscope (Olympus Corporation, Tokyo, Japan).
RT-qPCR analysis of caspase-3, Bcl-2 and Bax mRNA expression. Total RNA was extracted from the thoracic aorta using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. Complementary DNA (cDNA) was synthesized with a First-Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). qPCR was carried out using a Maxima SYBR-Green PCR kit (Thermo Fisher Scientific, Inc.) with primers as listed in Table I . Following an initial 10 min at 95˚C, the PCR thermal cycling program was performed as follows: 95˚C for 15 sec, 60˚C for 30 sec, and extension at 72˚C for 30 sec, for 40 cycles. At the end of the reaction, melting curve analysis was performed to ensure the specificity of the reaction. Relative gene expression levels were determined using the 2 -ΔΔCq method (11, 12) . β-actin was used as an internal control.
Protein expression levels of caspase-3, Bcl-2 and Bax.
Protein was extracted from the thoracic aorta using a Total Protein Extraction kit for western blotting (KeyGen Biotech Co., Ltd., Nanjing, China). The protein determination was completed using the BCA method (KeyGen Biotech Co., Ltd.). Protein lysates (100 µg) were separated by 12% SDS-PAGE (KeyGen Biotech Co., Ltd.) run for 30 min at 80 V and 60 min at 120 V, followed by transferral to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Following blocking with non-fat milk powder for 1 h at 24˚C, the membranes were incubated with primary antibodies for 2 h at 24˚C. Primary antibodies used in the present study were as follows: Rabbit monoclonal anti-Bax (1:5,000; cat no. ab32503), rabbit monoclonal anti-Bcl-2 (1:2,000; cat no. ab136285), rabbit monoclonal anti-Caspase-3 (1:500; cat no. ab4051) and rabbit monoclonal anti-β-actin (1:1,000; cat no. 5632-1) (all from Abcam, Cambridge, UK). Following washing with TBST three times for 5 min, the membrane was incubated for 2 h at 24˚C with secondary antibody horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2,000; ZB-2301; ZSGB-Bio, Beijing, China). Membranes were subjected to an enhanced chemiluminescence kit (Thermo Fisher Scientific, Inc.). Western blot analysis was performed using an Amersham Imager 600 (GE Life Sciences, Chicaco, IL, USA).
Statistical analysis. Data were expressed as the mean ± standard deviation. Statistical analyses were performed using SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA). Comparisons between the means of numerous samples were evaluated by analysis of ANOVA, and comparisons between the means of two samples were evaluated by Fisher's least significant difference t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Weight and food consumption. Prior to heat exposure, all rats exhibited good appetite, agility and activity levels. Rats were restless in the evening. During thermal exposure, rats were tired and sleepy, and were observed to hide in the bedding material. As shown in Fig. 1A , the body weight of rats in each group at the end of the experiment was significantly increased compared with before the experiment (P<0.01 for all WKY groups and SHR-CN; P<0.05 for SHR-8), except for rats in the SHR-24 group, which exhibited significantly reduced body weight compared with before the experiment (P<0.05). There were no notable differences in food consumption among the WKY groups (Fig. 1B) . Food consumption was significantly reduced in the SHR-8 and SHR-24 rats compared with SHR-CN (P<0.05; Fig. 1B ).
Blood pressure. Experimental results demonstrated that rat blood pressure was elevated in the high temperature and high humidity environment compared with the room temperature environment (Fig. 2) . Following the experiment, systolic blood pressure was significantly increased in the WKY-24, SHR-8 and SHR-24 groups, as compared with before the experiment (P<0.01; Fig. 2A ). Diastolic blood pressure was also significantly increased in the WKY-24 (P<0.05), SHR-8 (P<0.01) and SHR-24 (P<0.01) groups after the experiment, as compared with before the experiment (Fig. 2B) . As expected, systolic and diastolic blood pressure in SHRs was higher than in WKY rats.
Vasoreactivity. As shown in Fig. 3 , the contractile responses of thoracic aortic vascular rings to NA in all groups increased as NA concentration increased. Vasoreactivity in WKY-8 was significantly increased compared with WKY-CN (P<0.01). Compared with the SHR-CN group, vasoreactivity in the SHR-8 group was also significantly increased (P<0.01). In both SHR and WKY groups, the increase in vasoreactivity in the 8 h-exposed group was significantly larger compared with the increase in the 24 h-exposed group (P<0.05). Vasoreactivity in the SHR groups was significantly increased compared with the corresponding WKY groups (P<0.01).
Morphological observation.
In the WKY-CN group, the intima of the aorta was smooth with a single layer of endothelial cells (Fig. 4A ). In the WKY-8 group, endothelial cells detached and the endothelium was incomplete (Fig. 4B ). In the WKY-24 group, endothelial cells were connected loosely, and the endothelium was partly missing (Fig. 4C ), but the changes were less notable than in the WKY-8 group. In the SHR groups, the thoracic aorta was thicker and the arrangement of cells was slightly more disordered than in the WKY groups. In the SHR-CN group, the endothelial cells were mostly connected, and cells were arranged closely in the intima, medial and outer membranes (Fig. 4D ). In the SHR-8 group, most of the endothelial cells were lost, the vascular intima was incomplete, some elastic fibers and collagen fibers were thicker, and cell distribution was disorderly (Fig. 4E) . Similar changes were observed in the SHR-24 group (Fig. 4F ), but these were more severe in the SHR-8 group.
mRNA expression levels of caspase-3, Bcl-2 and Bax. In the hot and humid environment, the expression levels of apoptosis genes increased, and this increase was greater under discontinuous thermal stimulation than with continuous thermal stimulation (Fig. 5) . mRNA expression levels of caspase-3 in WKY-8 and WKY-24 were significantly increased compared with WKY-CN (P<0.01; Fig. 5A ). Compared with the SHR-CN group, the mRNA expression level of Caspase-3 in the SHR-8 and SHR-24 groups was also significantly increased (P<0.01 and P<0.05, respectively). Expression levels of caspase-3 in the SHR-CN and SHR-8 groups were significantly increased compared with the corresponding WKY groups (P<0.01). Compared with the 8 h-exposed group, the increased expression level of caspase-3 in the 24 h-exposed group was weaker in both WKY and SHR groups (P<0.05, P<0.01 respectively; Fig. 5A ).
Compared with WKY-CN, the Bax apoptosis gene was significantly upregulated in WKY-8 (P<0.05; Fig. 5B) . Compared with the SHR-CN group, the expression levels of Bax in the SHR-8 and SHR-24 groups were significantly increased (P<0.01). In the high temperature and high humidity environment, the expression levels of Bax in the SHR groups were significantly increased compared with the corresponding WKY groups (P<0.01).
Under the high temperature and high humidity conditions, the expression level of Bcl-2 in the WKY-8 group and SHR groups was significantly decreased, as compared with the respective controls (P<0.01; Fig. 5C ). Compared with the WKY-8 group, the expression level of Bcl-2 in the WKY-24 group was significantly increased (P<0.05; Fig. 5C ).
Protein expression levels of caspase-3, Bcl-2 and Bax.
Western blotting (Fig. 6A) indicated that the Caspase-3 protein level increased in the SHR-8 group when compared with the SHR-CN group (Fig. 6B) ; the protein levels of caspase-3 in the SHR-24 was significantly decreased compared with the SHR-8 group (P<0.01; Fig. 6B ), there were no notable differences among the WKY groups, however, the caspase-3 level was elevated in both SHR-8 and SHR-24 groups than in WKY-8 and WKY-24 groups (P<0.01, P<0.05; Fig. 6B ). In the high temperature and humidity environment, protein expression levels of Bax were significantly increased, as compared with the control, respectively (P<0.01; Fig. 6C ), whereas Bcl-2 protein expression levels were significantly decreased compared with the control in both types of rat (P<0.01; Fig. 6D ), and compared with the SHR-8 group, the protein level of Bcl-2 in the SHR-24 group was significantly decreased, the decreased level of Bcl-2 in SHR-8 was weaker than in the WKY-8 group (P<0.01; Fig. 6D ). These results were broadly consistent with the mRNA analysis.
Discussion
The present study investigated the effects of a hot and humid environment on thoracic aorta damage in SHR. The results of the present study revealed increased expression of Caspase-3 and Bax, and reduced expression of Bcl-2 in a hot and humid environment. Morphological observation of the thoracic aorta and detection of vasoreactivity also indicated that the structure and function of blood vessels was altered by the hot and humid environment. Adverse effects on the rats' weight, diet and blood pressure were also observed. According to these results, thoracic aorta damage was more severe when rats were in a discontinuous thermal environment, as compared with a continuous one.
In recent decades, the burden of cardiovascular disease has increased to become a major public health problem requiring urgent prevention and treatment strategies (16). The effect of a continuous high temperature environment on health has been studied both in China and abroad (17) . High temperature affects the body's blood dynamics and endocrine system (18) , the amount of blood near the surface of the body is increased, and the blood supplied to the heart is relatively reduced under high temperature conditions, leading to cerebral ischemia and hypoxia (19) . Meanwhile, the human body sweats under high temperature, which results in loss of water and thickening of the blood, which are dangerous factors in the occurrence of hypertension disease (20) . However, the effect of high temperature environment on hypertension remains unclear.
In the present study, SHRs were used as the disease model. The effect of a high temperature and humid environment was investigated in these rats by measuring indices associated with apoptosis, in order to investigate the corresponding changes in blood vessels in hypertensive rats and the underlying pathophysiological mechanisms. Along with high temperature (5), high humidity also affects blood dynamics by affecting heat dissipation, therefore, rats were exposed to high temperature and high humidity conditions together. The results revealed that food intake was slightly reduced in the hot and humid environment in SHRs. The activity of rats was reduced during the day. The SHR-24 group exhibited a decrease in body weight over the course of the experiment. Furthermore, blood pressure was increased in both WKY rats and SHRs in the 24-h heat exposure group, however, 8-h heat exposure only increased blood pressure in the SHRs, no elevation of blood 4383-4390pressure was observed in WKY rats after 8-h exposure. This indicated that the SHRs were more sensitive to a thermal environment compared with WKY rats.
Vasoreactivity is one of the most basic and direct indices used to assess artery blood vessel function (21) . Enhanced contractive function is the primary characteristic of a damaged blood vessel (22) . In the present study, vasoreactivity of the thoracic aorta indicated that contractive function was enhanced in the hot and humid environment. Morphological observation of the thoracic aorta revealed that the structure was altered by exposure to a hot and humid environment. The most marked difference was the lack of endothelium. Endothelium-dependent vasodilatation is important in regulating the function of the aorta (23), therefore the loss of the endothelium may affect contractive function.
Apoptosis describes the programmed death of a cell as part of its natural growth and development (24) . Apoptosis has a key regulatory function in the body, and can be induced by stress, such as free radicals, hypoxia, blood deficiency or high temperature (25) . Caspase-3 is thought to be an important apoptosis indicator, its activation results in an irreversible stage of apoptosis (26) . In the process of cell apoptosis, Bcl-2 and Bax have critical functions, increased Bax promotes cell apoptosis, whereas increased Bcl-2 inhibits cell apoptosis (27) . The present study demonstrated a hot and humid environment elevates the expression of caspase-3 and Bax, whereas Bcl-2 was reduced, the elevation of caspase-3 and Bax were more obvious in SHR rats while the downregulation of Bcl-2 was more stronger in WKY rats. These results suggested that cell apoptosis was induced by the hot and humid environment. The loss of the endothelium may have been associated with the increased number of apoptotic cells, thus resulting in an altered organizational structure of blood vessels. This may also affect the function of blood vessels. The SHR rats were more sensitive to the hot and humid environment.
Heat acclimation, a conserved phenotypic adaptive response to the prolonged transfer to a higher ambient temperature, confers protection against acute heat stress and delays thermal injury (28) . The heat acclimation process may strengthen the body to heat tolerance and make blood vessels dilate (29) . High temperature and humidity environments are a type of stimulation. When rats are housed in this environment for a long time, the body may gradually adapt to this type of stimulation, and a variety of disorders in the body will also move gradually toward the normal value (30) . However, it is difficult to restore to the normal condition. Therefore, prior to the end of the present experiment, rats (WKY-24 and SHR-24) in the high temperature and humidity environment for 7 days had begun to enter the heat acclimation process. However, due to the discontinuous cold and hot stimulation, WKY-8 and SHR-8 rats remained in a state of stress and therefore found it difficult to enter the heat acclimation process. This might be the reason why 8 h-exposure induced more significant damage to the blood vessel. Therefore, the present study concluded that intermittent heat stress was more harmful than the continuous heat stress to blood vessels.
In conclusion, apoptosis in the thoracic aorta was increased under hot and humid conditions, this may be related to the altered organizational structure and increased contractive function of thoracic aorta. The disturbance of structure and function on thoracic aorta was more notable in rats with spontaneous hypertension under heat stress. The blood vessel was more sensitive to intermittent heat stress than the continuous heat stress. Besides, increased apoptosis may also have occurred elsewhere in the body, affecting the rats' body weight, which requires further experiments to confirm this.
